Introduction
The importance of surface finishing an optical element is essential for preventing light scattering and absorption and improving imaging performance. In polycrystalline, chemical-vapordeposited (CVD) materials, such as zinc sulfide (ZnS) and zinc selenide (ZnSe), surface finishing can be more challenging than in amorphous materials, such as glass. [1] [2] [3] The presence of many crystallites (grains) within the polycrystalline, along with the crystal growth technique; i.e., CVD, gives rise to two post-polishing effects referred to as "orange peel" and "alligator skin." In the orange peel effect, the finished surface has a visible pitted and uneven surface texture that reminds one of an orange peel. This effect occurs when the material is subjected to variations in the stalk removal rate during polishing among the different crystallites because of anisotropy in physical properties. 4, 5 Furthermore, grain boundaries are subjected to even higher material removal (than the grains) because of a higher concentration of microstructural defects, such as vacancies. 5 Namba et al. 4 showed that when the mechanical force (abrasive concentration) and the chemical force (slurry pH) are balanced during ultrafine finishing, one can overcome the inherent crystallite anisotropy and obtain a relatively uniform removal rate among different crystallite orientations (100, 110, and 111) of MnZn ferrite. When polishing polycrystalline MnZn ferrite with the balanced slurry, a smoother surface finish was observed. Similarly, Gavarischuk et al. 5 investigated the chemical erosion of several acids on polycrystalline, CVD ZnSe substrates. They found that when the chemical erosion is well matched with the applied normal force (mechanical driving force) during conventional planetary polishing, a better surface finish is the result.
In the alligator skin effect, which is typical for CVD-grown materials, multiple millimeter-sized pebblelike structures appear on the finished surface. 3, [6] [7] [8] [9] This happens when gasphase particles that are formed in the furnace space land on the grown surface or mandrel during the CVD process. It appears that each particle becomes a nucleation site wherein crystallites grow radially, away from it, forming a hillock structure. 6 Hillocks grow larger with deposition and manifest on the top
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surface as pebbles. Zscheckel et al. 10 used electron backscatter diffraction (EBSD) to show that the conelike structure within CVD ZnS is practically a collection of multiple crystallites with similar crystallographic orientation-in other words, a collection of textured grains. Each hillock structure is composed of many grains that differ slightly in crystallographic orientation from one another but differ significantly from grains of neighboring hillocks. Based on these findings, we expect that CVD materials are subjected to additional anisotropy in the pebbles regime. It is natural to hypothesize that different pebbles vary in their physical properties as a result of such anisotropy. This leads to variations in the material-removal rate (MRR) during polishing, which are later identified as surface artifacts.
Kozhinova et al. 9 studied the magnetorheological (MR) fluid composition and conditions that reduce emergence of pebbles on a few substrates of polycrystalline, CVD ZnS during magnetorheological finishing (MRF). They changed the MR fluid composition [abrasive type, carbonyl iron (CI) type, and fluid pH] and followed the pebbles' emergence level. They succeeded in reducing pebble emergence when using the MR fluid with soft CI and acidic pH. Based on Kozhinova's work, Hallock et al. 11 showed a reduction in surface texture on polycrystalline ZnS and polycrystalline ZnSe surfaces when using altered MR fluid. In both cases, however, the use of acidic MR fluid gave rise to accelerated corrosion of the carbonyl iron particles, preventing any far-reaching application.
The MRF of CVD ZnS without surface artifact formation is very advantageous. Chemical-vapor-deposited ZnS is an important infrared (IR) material for the production of aerodynamic domes and windows. 2 Integrating a high-precision polishing technique that is able to fabricate complex and free-form optics (such as MRF) from this material is of great importance.
Our goal is to reduce surface features in the MRF of CVD ZnS while also greatly delaying any corrosion of CI particles. Here we investigate the anisotropy of CVD ZnS by using single-crystal orientations of ZnS. We study the individual contribution of mechanical (microhardness) and chemical (erosion-rate) effects to material removal during polishing on four single-crystal planes: (100), (110), (111), and (311). We further investigate anisotropy of CVD ZnS during MR finishing by using three chemically and mechanically modified MR fluids at pH 6, 5, and 4. The ideal conditions in which a uniform MRR is obtained for all crystallographic orientations are identified. We demonstrate that applying these conditions on the polycrystalline, CVD ZnS material indeed reduces surface texture and surface artifacts during MR finishing.
Experimental

Single-Crystal and Polycrystalline CVD ZnS Substrates
Four single-crystal orientations of ZnS-(100), (110), (111), and (311)-were purchased from SurfaceNet. 12 Three unfinished blanks from each orientation (a total of 12 substrates) were cut from a large single-crystal ingot of cubic phase ZnS that was grown using the Bridgman-Stockbarger technique. Each singlecrystal blank measured +20 mm in diameter and +1 mm thick. The cutting angle was calculated and later verified via the Laue diffraction. After delivery, the different crystallographic orientations were further tested and evaluated using Laue diffraction and x-ray diffraction texture analysis.
A polycrystalline CVD ZnS blank, measuring +40 mm in diameter and 5 mm thick, was purchased from Rohm and Haas. 13 All single-crystal and polycrystalline CVD ZnS substrates were polished in-house with diamond abrasives on pitch (as described in Ref. 9 ) to a peak-to-valley (p-v) flatness of 1 to 2m, an areal roughness of less than 40-nm p-v, and a root mean square (rms) of less than 3 nm.
Tests for Evaluating Anisotropy in Polycrystalline CVD ZnS
a. Microhardness test. Microhardness measurements were performed using a diamond Vickers indenter on a TUKON 300BM microhardness tester. The testing load was 100 g for the single-crystal substrates and 200 g for the polycrystalline, CVD ZnS substrate. The samples were randomly selected and tested. A total of three identical indentations were placed on each part. We compared our experimental findings for the (100), (110), and (111) orientations with experimental data published by Westbrook et al. 14 and theoretical hardness values published by Li et al. 15 We found no data in the literature for the (311) orientation; therefore, we followed the method described in Li et al. 15 to calculate the theoretical microhardness of the (311) orientation.
b. Chemical reactivity test. The pre-polished substrates (single crystal and polycrystalline ZnS) were etched using an aggressive etching agent developed in our laboratory (and described in detail in Ref. 16 ). One drop (+0.02 ml) of etchant was applied inside a 1/8-in. hole that was punched on a commercial "blue painter's tape" and taped on the part surface. Etching time was set at 4 min, resulting in a cylindrical "etching spot" with a relatively uniform depth. The etching depth (nm) was determined by averaging six lineout profiles across the center of the etched spot that were collected using a laser interferometer. 17 c. Calculation of planar and bond densities. Calculations of planar density (PD) and bond density (BD) for each singlecrystal plane (with Miller indicies h, k, and l) were based on a cubic unit cell structure of ZnS (zinc blend or sphalerite). We defined planar density as the area of both zinc and sulfur atoms that were centered on the hkl plane divided by the area of the plane. 18 We defined bond density, in a general form, as the number of Zn-S bonds across the hkl plane divided by the plane area (motivated by Ref. 19 ).
MR Fluids
The MR fluid composition used to prepare the low-pH polishing fluids is presented in Table 144 .I. The magnetic particles made of zirconia-coated CI showed a high resistance to corrosion. 20 For better dispersion of these particles in an acidic, aqueous suspension, we used polyethylene-imine (PEI) as a dispersing agent (Sigma-Aldrich). This type of dispersant is common when using zirconia-based suspensions at a low-pH range since it shifts the isoelectric point (a pH at which the zeta potential of a suspension is +0 mV) of such suspensions to the alkaline region; 21 the same is true for the zirconia-coated-CIbased MR fluids (see App. B in Ref. 16 ). The initial pH of the To modify the fluids pH, we used a few milliliters of an 8-M nitric acid solution (Sigma-Aldrich).
The off-line viscosity (h) of the MR fluids was measured using a Brookfield cone/plate Rheometer. 22 At each pH, +0.5 ml of fluid was extracted directly from the mixing vessel of the MRF machine and placed on the viscometer plate. The fluid was sheared for +15 min before the viscosity as a function of shear rate (from 40 to 1000 1/s) was collected. Each measurement was repeated three times.
MRF Spotting Experiment
The MRF machine used in this work is a research platform referred to as the "spot-taking machine" (STM). 23 This type of machine has similar features to a conventional MRF machine. It has a peristaltic pump that circulates the MR fluid; a mixing vessel where the MR fluid is being continuously stirred and mixed; and a nozzle that ejects the MR fluid onto a rotating wheel located in a magnetic field. The MR fluid for polishing is water based and contains more than 80 wt% of micron-sized carbonyl iron (CI) particles. Because of the CI particles within the MR fluid, once the fluid is ejected on the wheel, it changes its form into a stiff ribbon that makes contact with and polishes an optical substrate. The main difference between our STM and a conventional MRF machine is the inability of the optical substrate to rotate or move in the x and y directions on the STM. This results in a single spot on the surface that has fine grooves in the direction of the wheel rotation.
The single-crystal planes were spotted for 1 min, while the polycrystalline was spotted for 10 min. For the single-crystal substrates, our interest was the relative removal rate among the different orientations; consequently, a short spotting time was sufficient. For the polycrystalline, we were interested in exposing the pebbles' structure; therefore, we had to remove at least 0.5 nm of material from the initial pre-polished surface, as explained by Kozhinova et al. 9 The MR fluid in Table 144 .I was loaded onto the STM and its pH increased slightly to 6.00!0.01. One spot was taken on each substrate (single-crystal and polycrystalline, CVD), giving a total of three identical spots for each single-crystal orientation and one spot for the polycrystalline, CVD substrate. The pH was lowered from 6.00 to a pH of 5.12 using +4 ml of 8-M nitric acid. Each substrate was spotted once. The pH throughout this portion of the experiment (+70 min) was 5.11!0.07. The fluid pH was further decreased using +5 ml of 8-M nitric acid until it reached 4.19. During this stage of the spotting experiment, additional 8-M nitric acid was continuously added to the STM mixing vessel to maintain the pH level at +4.20. Throughout this portion of the experiment (+70 min), the pH was 4.25!0.12. The machine settings were a ribbon height of 1.4 to 1.6 mm, a penetration depth of 0.2 mm, a wheel speed of 200 to 250 rpm, a pump speed of 110 rpm, and an electric current of 15 A. When the experiment was finished, each substrate (single-crystal and polycrystalline, CVD) had three spots on it, one for each pH (see Fig. 144.17 ). For simplicity, from here on, we will refer to fluid pH values of 4.25 and 5.11, as pH 4 and 5, respectively. 
Metrology
Material removal rates for chemical erosion and MRF spots were obtained with a Zygo Mark IV laser interferometer 17 by subtracting the original surface from the etched or spotted area, respectively. Surface microroughness values were obtained with a Zygo NewView 100 white-light interferometer equipped with a 20# Mirau objective. 24 For spots taken on the single-crystal substrates, areal (rms) and p-v values are given as an average of 15 measurements (five measurements on each substrate, three substrates from each orientation) collected within the depth of deepest penetration (ddp) for each spot. In addition, 20 lineout profiles were collected from one areal measurement at the ddp for each spot (a total of 60 for one orientation) in the direction of the MR fluid flow. (This action minimized the influence of the MR ribbon grooves on the roughness data, which resulted from having the part stationary and not rotating.) For the polycrystalline, CVD ZnS part, four areal rms and p-v measurements were taken at the ddp of each spot. For each areal measurement, five lineout profiles were collected. Overall, 20 lineout profiles were averaged for each spot at a given pH.
Surface texture and pebbles' emergence inside the spots taken on the polycrystalline, CVD ZnS substrate were obtained using a Zygo NewView 5000 white-light interferometer equipped with a 1# Mirau objective and a 0.8# zoom. 25 The use of low magnification was more suitable for observing and evaluating submillimeter features, such as pebbles. To analyze the spotted area, we masked the spots along their inner edge. From the remaining masked surface, a cylinder shape was removed. For the remaining masked area, the areal rms roughness was recorded along with ten lineout profiles drawn in the direction of the MRF ribbon grooves. In addition, a power spectral density (PSD) analysis was performed in the direction of fluid flow by using the "average X PSD" function in the accompanying software MetroPro. For this analysis we masked a rectangular area (2 mm # 1 mm) around the ddp of each spot. Figure 144 .18 shows the different masks used for roughness collection and PSD analysis. Both data analyses (rms roughness and PSD) provided us with information about the waviness of the spotted surfaces. Note that roughness measurements taken at low magnification have relatively low resolution; therefore, the data shown here better represent surface texture rather than surface microroughness unless a 20# Mirau objective is being used.
Results
Anisotropy in CVD ZnS from Single-Crystal Behavior
The Vickers microhardness values of the different crystallographic planes tested at a 100-g load and the polycrystalline CVD substrate tested at a 200-g load are presented in Table 144 .II, along with experimental Vickers hardness data from Westbrook et al. 14 15 For all sources, the (111) plane is the one with the highest Vickers hardness value. The polycrystalline CVD ZnS has a Vickers hardness value of +2 GPa, closer in value to that of the (100), (110), and (311) planes.
Chemical etching results for the different single-crystal planes and the polycrystalline, CVD ZnS substrate are presented in Table 144 .III. These results show that planes (100) and (110) share similar chemical erosion rates (4% anisotropy) that were slightly lower than that for the (311) plane. Plane (111) had a significantly slower chemical erosion rate (+30%) than that for the other planes, implying that this plane is less chemically reactive.
Calculations of planar density and bond density are provided in Table 144 .IV. The results indicate a high degree of anisotropy among the single-crystal planes. In all cases, plane (111) has the highest values of hardness, the lowest erosion rate, and the highest bond and planar densities.
MRF of Single Crystal with Modified MR Fluids
a. Viscosity and removal rate of MR fluids. Figure 144 .19 presents the off-line viscosity versus shear rate for all fluids. Our modified MR fluids have flow characteristics that are similar to those of the conventional MR fluid (inset plot in Fig. 144.19 ). All fluids show a higher viscosity at low shear rates that decreases (but stays relatively viscous) with increasing shear rate. This is a classic behavior of an MR fluid with a Bingham plastic flow. 26 We found that the viscosity of the zirconia-coated-CI fluid was pH dependent, even though the particles' concentration was roughly the same (80 to 81 wt%) throughout the experiment. At an +800-1/s shear rate that is present when the MR fluid is ejected out from the nozzle, the fluid's off-line viscosities are +47, +109, and +194 cP for pH 4, 5, and 6, respectively. An +50% increase in viscosity occurs for a pH increase of one unit.
The average peak removal rate and volumetric removal rates of the different fluids are given in Tables 144.V and  144 .VI, respectively. For all single-crystal ZnS orientations, the peak removal rate decreases with decreasing fluid pH and viscosity. The average peak removal rate at pH 4 is about 50% lower than it is at pH 6, while keeping the magnetic particles' concentration constant within 1%. There is an apparent correlation among the fluid pH, viscosity, and removal rate. Higher pH causes higher viscosity, which leads to a higher removal rate. This confirms the expectation that the MRR being driven by shear stress increases as the viscosity (and shear stress) increases.
As for the volumetric removal rate, we see that at pH 6, results are similar to that of pH 5, but significantly (+50%) higher than pH 4.
When observing the relative peak and volumetric removal rates among the different single-crystal planes, the least anisotropy in removal rate is observed for the MR fluid at pH 4 and an off-line viscosity of +47 cP. Supportive findings are given at the average line in Tables 144.V and 21(b) . For each orientation we averaged the areal rms (nm) and lineout rms (nm) of three identical spots. For all planes, MRF with our altered fluids significantly roughened the pre-polished surface at all pH values. We noticed that the randomly distributed scratches on the surfaces, from the prepolishing process, were enhanced during MRF with the altered fluids. The areal roughness increased with increasing fluid pH and viscosity. Roughness taken as lineouts shows about 50% smoother surfaces than the areal rms value. This is a result of avoiding the MRF grooves effect on the surface caused by the lack of part rotation. The least variation in the areal roughness among the different orientations is observed at pH 4 (h . 47 cP) [see Fig. 144.21(a) ]. Lineout roughness as a function of pH for all orientations is given in Fig. 144.21(b) . The results are similar for all surfaces spotted at pH 4 and 5, with slightly higher values when spotted at pH 6. The least anisotropy is observed at pH 4 and an off-line viscosity of 47 cP for the areal measurements and at pH 4 and 5 at an off-line viscosity of +47 and +108 cP, respectively, for the lineout measurements.
MRF of Polycrystalline CVD ZnS with Modified Fluids
a. Pebbles' emergence on the surface. Figure 144 .22 shows the PSD analysis for a CVD ZnS surface spotted with our zirconia-coated-CI MR fluids at pH 4, 5, and 6. Results show that surface texture and waviness are higher at pH 6, somewhat lower at pH 5, and significantly lower at pH 4. When summarizing the data as areal (a "D" shape of 2 mm # 4 mm) rms and lineout profiles (3 to 4 mm long) in Table 144 .VIII, we observed that macroroughness decreases as fluid pH and viscosity decrease. Moreover, standard deviation of data collected as lineout profiles at pH 4 and h . 47 cP is significantly lower than that of pH 5 and 6. We emphasize that roughness measurements were taken at a low resolution. At a scale length of 0.05 to 1 mm (a spatial frequency of 1 to 20 1/mm), these data better represent surface texture rather than surface microroughness. All three data analysis (PSD, areal, and lineout macroroughness) results show that the surface of polycrystalline CVS ZnS polished with MR fluid at pH 4 and h . 47 cP has the least degree of pebble features at the surface. Figure 144 .23 shows the surface microroughness at the ddp of the spotted polycrystalline CVD ZnS substrate at pH values of 4, 5, and 6. Similar to the singlecrystal substrates, MRF with our altered fluids significantly roughened, as expected, the pre-polished surface at all pH values. Areal microroughness (rms) at pH 6 is similar to that at pH 5 and +38% higher than that at pH 4. Roughness taken as lineouts (rms) shows a reduction in microroughness with reduced pH. Once again we see that polishing with MR fluid at pH 4 and h . 47 cP provides smoother surfaces among the three tested pH values.
Discussion
Differences in microhardness, chemical erosion, and planar and bond densities among all planes were observed, especially between the (111) orientation and the (110), (100), and (311) orientations. Plane (111) has the highest hardness, highest planar and bond densities, and the lowest chemical reactivity of all four planes. These findings of anisotropy in physical properties among the different single crystals are what lead us to believe that the polycrystalline material might be subjected to an uneven material removal during the MRF process, which results in high surface texture and roughness.
We extended our tests to check anisotropy in the MRR among the different crystallographic orientations during MRF. Again we found differences among the different orientations (note that, in this case, MRF includes both mechanical and chemical effects at the same time). We do see, however, that uniformity in material removal among the different planes is improved with a reduction in MR fluid pH and viscosity. Moreover, minimal variation in peak and volumetric removal rates among the different crystallographic orientations is observed when polishing with MR fluid at pH 4 and h . 47 cP. Further investigation of these results shows that when MR finishing the polycrystalline, CVD ZnS material with the pH 4 (h . 47 cP) MR fluid, the appearance of pebbles on the surface was minimized.
Among all three tested MR fluids, the low-pH, low-viscosity MR fluid seems to provide the ideal balance between mechanical and chemical driving forces during MRF, helping to overcome the anisotropic nature of polycrystalline CVD ZnS. With that said, the use of low-pH and low-viscosity MR fluid also reduced dramatically the peak removal rate from +0.16 nm/min at pH 6 (h . 194 cP) to +0.10 nm/min, at pH 5 (h . 108 cP), and to +0.06 nm/min at pH 4 (h . 47 cP). It is known that an acid or a base can be used as a dispersing agent when added to an aqueous suspension since it increases the particles' zeta potential and shifts the suspension to a pH region far from its isoelectric point (IEP). 27 In our case, the fluid described in Table 144 .I has an IEP at +pH 10 (Ref . 16) ; therefore, the lower the fluid pH, the less viscous it is. In addition, lower viscosity leads to lower contact shear stresses (where the strain value remains constant), confirming the previous result that the MRR is driven by shear contact stresses. 28 Lower viscosity of the fluid causes the MR fluid ribbon to expand to the sides under applied normal pressure from the workpiece's surface. Also, lower viscosity affects the spot's geometry. A supportive observation for this is given in Fig. 144 .17-a Mark IV laser interferometer image of singlecrystal plane (100) spotted with the three MR fluids at pH 6, 5, and 4. We clearly see the difference in the spots' dimensions. At pH 6 the spot is very narrow and deep caused by stiff and viscous ribbon; at pH 5 the spot is wider and shallower; and at pH 4 the spot is the widest and shallowest among the three. This was observed for all spotted single-crystal and polycrystalline substrates. By achieving the ideal balance between mechanical and chemical forces, we also produced a low MRR, making our MRF process slower.
The pre-polished surfaces of both single-crystal planes and polycrystalline CVD ZnS polished with our altered MR fluids were roughened at all pH values, as expected (because of the lack of polishing abrasive in our fluids). In particular, roughness increased with an increase in pH. Lineout profile roughness shows smoother surfaces (50%-smaller rms) than the areal value (as a result of avoiding the MRF grooves on the surface caused by lack of part rotation), but they are still relatively high for the single-crystal planes and even higher for the polycrystalline material. It seems that the zirconia present in the coating and as free particles in the MR fluid and the lack of polishing abrasives cause the relatively high surface roughness. Zirconia is not the kind of abrasive that is commonly used in the MR finishing industry. Commercial MR fluids usually contain nanodiamond, ceria, or alumina abrasives. 29 Further experiments with additional types of abrasives will try to achieve higher removal values and smoother surface roughness, in addition to improving the surface texture that was observed here.
Conclusions
The physical basis for anisotropy of polycrystalline CVD ZnS was investigated using four single-crystal orientations. Microhardness and chemical etching results for the singlecrystal ZnS planes identified variations among the planes and the (111) crystallographic orientation as the most-unique orientation. This can be explained by our theoretical calculations of planar and bond densities, which show the differences in the number of Zn and S atoms and Zn-S bonds between the different planes. During MRF, anisotropy in the MRR among the single-crystal planes was also observed. The difference among the four orientations could provide a scientific explanation for the surface-texture issues experienced during MRF of CVD ZnS.
Changing the zirconia-coated-CI MR fluid pH affects the fluid viscosity and the overall material-removal rate. Moreover, variations in the MRR between the single crystals are minimized when polishing with fluid at a pH +4. 22 and an off-line viscosity of +47 cP. Roughness was also minimized with this type of fluid at pH 4, although overall it is relatively high. When the polycrystalline, CVD ZnS surface was MR finished with pH 4, 5, and 6 MR fluids, we saw a reduction in surface texture and roughness as the fluid pH and viscosity went down. The least degree of surface texture and roughness was obtained with a pH 4 MR fluid as a result of relatively uniform MRR among the single-crystal planes under these conditions. It is clear from our results that there is an optimal balance between mechanical (crystallography, strain rate, viscosity) and chemical (pH) effects in the MRR of ZnS. A relatively low pH minimizes variations in the MRR among different crystallographic orientations. We have also shown that the CI corrosion can be significantly reduced by using our zirconia-coated particles at such a low pH.
